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ABSTRACT
Context. The stellar winds of the massive stars in high-mass microquasars are thought to be inhomogeneous. The interaction of these
inhomogeneities, or clumps, with the jets of these objects may be a major factor in gamma-ray production.
Aims. Our goal is to characterize a typical scenario of clump-jet interaction, and calculate the contribution of these interactions to the
gamma-ray emission from these systems.
Methods. We use axisymmetric, relativistic hydrodynamical simulations to model the emitting flow in a typical clump-jet interaction.
Using the simulation results we perform a numerical calculation of the high-energy emission from one of these interactions. The
radiative calculations are done for relativistic electrons locally accelerated at the jet shock, and the synchrotron and inverse Compton
radiation spectra are computed for different stages of the shocked clump evolution. We also explore different parameter values, such
as viewing angle and magnetic field strength. We generalize phenomenologically the results derived from one clump-jet interaction
to multiple interactions under different wind models, estimating the clump-jet interaction rates, and the resulting luminosities in the
GeV range.
Results. If particles are efficiently accelerated in clump-jet interactions, the apparent gamma-ray luminosity through inverse Compton
scattering with the stellar photons can be significant even for rather strong magnetic fields and thus efficient synchrotron cooling.
Moreover, despite the standing nature or slow motion of the jet shocks for most of the interaction stage, Doppler boosting in the
postshock flow is relevant even for mildly relativistic jets.
Conclusions. For clump-to-average wind density contrasts & 10, clump-jet interactions could be bright enough to match the observed
GeV luminosity in Cyg X-1 and Cyg X-3 when a jet is present in these sources, with required non-thermal-to-total available power
fractions & 0.01 and 0.1, respectively.
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1. Introduction
High-mass microquasars (HMMQs) are binary systems hosting
a massive star, and a compact object able to produce jets in which
high-energy (HE) processes can take place (see, e.g., Bosch-
Ramon & Khangulyan 2009; Dubus 2013; Bednarek 2013, and
references therein). To date, gamma rays have been robustly de-
tected from two HMMQs, Cyg X-3 and Cyg X-1 (Tavani et al.
2009; Zanin et al. 2016, respectively). Variability of the detected
emission indicates that the high-energy source should be located
relatively close to the compact object, at a distance comparable
to the binary separation distance (Dubus et al. 2010b; Zanin et al.
2016). There is a tentative detection of another HMMQ, SS 433,
although in this case the emission would be likely coming from
the jet-termination region (Bordas et al. 2015).
The energies at which Cyg X-1 and Cyg X-3 were detected
are in the GeV range, except for a flare-like detection of Cyg X-
1 with the MAGIC Cherenkov telescope in the TeV range with
post-trial significance of 4.1σ (Albert et al. 2007). Both sources
present long-term gamma-ray emission, overlapping with possi-
? Fellow of CONICET
ble day-scale flares, all associated with jet activity (Albert et al.
2007; Tavani et al. 2009; Fermi LAT Collaboration et al. 2009;
Sabatini et al. 2010; Malyshev et al. 2013; Bodaghee et al. 2013;
Zanin et al. 2016; Zdziarski et al. 2016b,a). In what follows, we
will carry a mixed approach considering HMMQs in general,
while adopting Cyg X-1 and Cyg X-3 as reference sources to
check our results in the context of real objects.
Massive stars produce dense and fast winds that are thought
to be inhomogeneous (e.g. Runacres & Owocki 2002; Moffat
2008; Puls et al. 2008, and references therein). The specific prop-
erties of these inhomogeneous winds may depend on the stel-
lar type and evolutionary phase, but in general they can be de-
scribed in terms of dense clumps in a dilute medium. In partic-
ular, Cyg X-1 hosts a black hole and an O-type supergiant, and
Cyg X-3 either a neutron star or a black hole, and a Wolf-Rayet
star, and clumpy winds have been suggested to be present in both
systems (see, e.g. Szostek & Zdziarski 2008; Rahoui et al. 2011;
Miškovicˇová et al. 2016).
Detection of gamma-ray emission from galactic jet sources
requires efficient particle acceleration, which is conventionally
associated with shocks. The propagation of a jet through the bi-
nary system environment may come along with the formation of
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shocks at binary scales in addition to the jet termination shock.
For example, internal shocks form when portions of jet mate-
rial, moving with different velocities, collide to each other (e.g.
Bosch-Ramon et al. 2006). Furthermore, the stellar wind lateral
impact should produce asymmetric recollimation shocks and in-
duce non-thermal emission (e.g. Romero et al. 2003; Perucho &
Bosch-Ramon 2008; Dubus et al. 2010a; Yoon et al. 2016). But
it cannot be neglected that when wind density inhomogeneities
or clumps penetrate inside the jets, they should trigger strong
shocks as well. Thus, the wind clumps in HMMQs may have
a significant influence on the jet dynamics (Perucho & Bosch-
Ramon 2012) and on the non-thermal HE processes occurring on
the scales of the binary system (Owocki et al. 2009; Araudo et al.
2009; Romero et al. 2010). Therefore, despite all these shocks
can be sites of efficient particle acceleration and HE emission,
one expects the strongest kinetic-to-internal energy conversion
for shocks associated with wind clumps present inside the jet
(Bosch-Ramon 2015). Moreover, besides this high-conversion
efficiency, the Doppler boosting of the non-thermal emission as-
sociated with wind clumps, in addition to being important, might
be also favourable for relatively off-axis observers.
In this work, we present for the first time numerical cal-
culations of the HE emission produced by a clump-jet inter-
action in a HMMQ using the hydrodynamical information ob-
tained from a simplified relativistic, hydrodynamical (RHD) axi-
symmetric simulation of such an interaction. Particle accelera-
tion is assumed to occur in the jet shock, as this is much more
energetic than the one initially crossing the clump. The param-
eters adopted have been chosen such that the simulation can be
taken as a reference case, i.e. a clump of realistic parameters
being inside the jet at a typical interaction jet height, similar
to the binary size. Interactions taking place significantly closer,
or farther, from the jet base, would be either very unlikely, or
too oblique for the clump to penetrate into the jet (see Eq. 1).
Therefore, the calculations performed can be used as a reference
to establish the typical radiation outcome from one interaction,
choosing also suitably the orbital phase, although some of the
results have been checked for different orbital phases. The ra-
diation results can be then generalized to the realistic case of
multiple wind clumps interacting with the jet, adopting a phe-
nomenological prescription for the inhomogeneous wind prop-
erties, similarly to what was done in Bosch-Ramon (2013) in the
context of a high-mass binary hosting a young pulsar.
The paper is organized as follows: In Sect. 2, the conditions
under which a clump is able to penetrate into a jet are computed.
Then, in Sect. 3, first, we briefly introduce the results of a sim-
plified RHD axi-symmetric simulation of a characteristic clump-
jet interaction, and the streamline approach to define the emitter
structure; next, we introduce the non-thermal radiation calcula-
tions and their results. In Sect. 4, a generalization of the numer-
ical radiation results is carried out adopting a phenomenological
prescription for the clumpy wind properties. Finally, a discussion
of the obtained results in the context of the HMMQs Cyg X-1
and Cyg X-3 is presented in Sect. 5, along with a summary of
the conclusions of the work.
2. Clump-jet interaction: basic estimates
In this section we study analytically the main characteristics of
a clump-jet interaction, and show that even for conservative as-
sumptions it is likely that clumps penetrate the jet. The following
quantities are required for the analysis: (i) the stellar mass-loss
rate (M˙w), wind velocity (vw), and wind density (ρw); (ii) the
jet luminosity (without accounting for the rest-mass energy; Lj),
velocity (vj, or Lorentz factor Γj), radius (Rj), height (zj), density
(ρj), and jet half opening angle (θj = Rj/zj); (iii) the clump char-
acteristic radius (Rc), and density (ρc) (assuming spherical uni-
form clumps), which relates to the average wind density through
the density contrast or clumping factor (χ = ρc/ρw > 1); and
finally (iv) the distance between the star and the base of the jet,
or orbital separation distance (Rorb). In this work, the jet is as-
sumed to be perpendicular to the orbital plane. We also consider
a mildly relativistic jet (see Sect. 2 in Bosch-Ramon & Barkov
2016), with Γj = 2. The hydrodynamic approximation for the
clump-jet is adopted, as the gyroradii of the particles involved
are much smaller than the typical size of the interacting struc-
tures.
We consider the emission of a clump interacting with the jet
at a distance similar to Rorb. On these scales, clump-jet interac-
tions are more numerous because the jet is thicker; the jet is also
more dilute than further upstream, and the clump velocity is still
rather perpendicular to the jet, favouring jet penetration. More-
over, at smaller distances from the compact object, the jet ram
pressure is too strong for the clumps to survive penetration. For
high density contrast values, i.e. χ  1, wind-jet interactions
may occur just through clumps entering into the jet. In that case,
the clumps would be surrounded by a very dilute, hot medium
of little dynamical impact either for the jet, or the clumps. We
adopt here however the more conservative assumption that, even
if χ ∼ 10, the wind interacts with the jet forming a relatively
smooth region of shocked material that circumvents the jet (see
Perucho & Bosch-Ramon 2012; see also Pittard 2007 in the con-
text of colliding wind binaries). This shocked wind can prevent
small clumps from reaching the jet, which sets the first condi-
tion for clump-jet interaction to occur. Moreover, the impact of
the jet in a clump generates a shock that propagates in the latter,
eventually destroying it. Therefore, a second condition is that
the forward shock in the clump is slower than the clump velocity
perpendicular to the jet, to allow the clump to enter deep enough
into the jet before its destruction (see, e.g. Araudo et al. 2009).
To formalize the first condition, let us consider a clump that
travels with velocity ∼ vw perpendicular to the jet and reaches
the region where the wind interacts with the jet boundary. To
successfully penetrate the jet, the clump has to go through the
shocked wind, with respect to which the clump is moving also
at ∼ vw, without significantly slowing down. Such a region has a
thickness ∼ Rj and exerts a drag on the clump that can be quan-
tified through a ram pressure Pw ∼ ρwv2w. The acceleration ex-
erted on the clump, which has a characteristic surface sc ∼ piR2c
and volume Vc ∼ 4/3 sc Rc ∼ sc Rc, by this pressure is aacc ∼
sc Pw/mc. Using that mc = Vc ρc, Vc/sc ∼ Rc, and ρc = χρw, one
can obtain the expression: aacc ∼ Pw/(χρwRc). Therefore, the
typical distance required to significantly slow down the clump
in the shocked wind surrounding the jet is l ∼ v2w/aacc ∼ χRc,
which as noted above should be l & Rj, and therefore Rc & Rj/χ,
setting a lower limit on the clump size:
Rc > R0 = 3 × 1010
(
θj
0.1
) (
10
χ
) ( Rorb
3 × 1012 cm
)
cm. (1)
The second condition for clumps to fully penetrate into the
jet at zj . Rorb is vsh . vw 1, where vsh is the velocity of the
shock produced within the clump by the jet impact. For a cold
jet, its pressure Pj is dominated by the kinetic component of
the momentum flux, i.e. Pj ∼ Γ2j ρjv2j . Assuming equilibrium be-
1 A more precise relation is vsh < vw⊥, but for simplicity in this analysis
we assume that vw⊥ ∼ vw in the regions of interest.
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tween the jet ram pressure and shocked clump pressure, we ob-
tain vsh ∼ (Pj/ρc)1/2 ∼ Γj(ρj/ρc)1/2vj. Considering that
ρj =
Lj
piR2j Γj(Γj − 1)vjc2
, (2)
ρc ∼ χM˙w
4piR2orbvw
, (3)
and fixing zj ∼ Rorb, i. e. Rj ∼ θjRorb, one gets the following
limitation for the jet power:
Lj . 1.4 × 1037
(
Γj − 1
Γj
) (
χ
10
) ( M˙w
3 × 10−6Myr−1
)
(
θj
0.1
)2 ( vw
108cm s−1
) (vj
c
)−1
erg s−1. (4)
For a hot jet, the specific enthalpy should be included to derive
Pj.
For the typical parameters of Cyg X-3 and Cyg X-1 (see
Yoon et al. 2016; Bosch-Ramon & Barkov 2016, and references
therein), and adopting χ ∼ 10 and Γj ∼ 2, clumps will be able
to penetrate into the jets of these HMMQ for Rc ∼ 3 × 109 and
3 × 1010 cm, and Lj . 1038 and 1037 erg s−1, respectively. These
jet powers are actually similar to the values estimated for these
sources, although the uncertainties in the clumpy wind and the
jet properties are large.
3. Clump-jet interaction: numerical calculations
3.1. Hydrodynamics
The clump-jet interaction was simulated in two dimensions (2D)
assuming axisymmetry, i.e. neglecting the clump motion with
respect to, say, the compact object frame, and a dynamically
negligible magnetic field. An adiabatic gas with constant index
γˆ = 4/3 was assumed2. The RHD equations were solved using
the Marquina flux formula (Donat & Marquina 1996; Donat et al.
1998). The code is the same as the one used in Bosch-Ramon
(2015), but the spatial reconstruction scheme has been improved
from 2nd to 3rd order applying the piecewise parabolic method
reconstruction scheme (Colella & Woodward 1984; Martí &
Müller 1996; Mignone et al. 2005).
The resolution of the calculations is 300 cells in the vertical
direction, the z-axis, and 150 in the radial direction, the r-axis,
and the physical size is zmaxgrid = 9 × 1011 cm in the z-direction,
and rmaxgrid = 4.5 × 1011 cm in the r-direction. The resolution was
chosen such that no significant differences could be seen in the
hydrodynamical results when going to higher resolution simu-
lations. Inflow conditions (the jet) are imposed at the bottom
of the grid, reflection at the axis, and outflow in the remaining
grid boundaries. On the scales of the grid, for simplicity we ap-
proximate the jet streamlines at injection as oriented along the
z-direction despite the jet is actually assumed to be conical.
The injected jet power without accounting for the jet rest-
mass energy is ≈ 2.3×1037 erg s−1 for the whole grid, up to rmaxgrid ,
with a Lorentz factor Γj = 2. The initial clump radius is Rc =
2 The adiabatic index is constant in the code, although adopting
γˆ = 5/3 yields similar hydrodynamical results. The γˆ-value also af-
fects quantitatively the non-thermal processes as they depend on the
kinetic-to-internal energy conversion, although we consider the related
lack of precision acceptable given the numerous simplified assumptions
adopted.
3× 1010 cm, and its density, ρc ≈ 5× 10−14 g cm−3. This density
would correspond to that of a clump located at zj ≈ 3 × 1012 cm,
for a stellar wind with M˙ ≈ 3×10−6 M yr−1, vw ≈ 2×108 cm s−1,
and χ ≈ 10 (plus Rorb = 3 × 1012 cm). The initial clump location
in the grid is (0, 1011 cm).
With the jet impact, the clump gets shocked, expands, dis-
rupts, and eventually leaves the grid (see, e.g., Bosch-Ramon
2012, in the context of extragalactic jets). The whole duration
of the simulation was ≈ 820 s. Five snapshots of the density dis-
tribution, illustrating the clump evolution after ≈ 73, 521, 596,
708, and 822 s, are presented in Fig. 1. The shocked jet mate-
rial is seen in light blue, forming a sort of cometary tail pointing
upwards and surrounding the clump shocked material, red with
green borders.
The grid size has been chosen such that the simulation cap-
tures the first stages of the clump-jet interaction. This is enough
to compute the non-thermal emission for two typical instances
of the shocked clump evolution: (i) a quasi-stationary shock in
the jet flow is present, but the clump has not expanded, nor it
has been displaced, due to the jet impact; (ii) the clump has
already expanded, disrupted, and moved along the jet axis. A
simulation with a significantly larger computational grid, and
a much longer simulated time, are required for an accurate de-
scription of the clump-jet interaction until the clump has reached
an asymptotic speed (and probably fully fragmented and spread
in the jet), i.e. when no shock is present in the jet flow (or it
is much weaker). This should not affect qualitatively the high-
energy emission predictions, but quantitative differences are ex-
pected. An accurate study of this (clump-jet mixing, lightcurves,
etc.) is left for future work. The presence of the magnetic field, or
3D calculations, are likely to introduce further complexity to the
problem through effects such as suppression, anisotropy, or en-
hancement, of the growth of instabilities. These effects should be
thoroughly studied through devoted simulations, although such
an investigation is out of the scope of the present work and left
for the future. Other effects may be included also for accuracy,
as a more realistic equation of state, or the back-reaction effects
of non-thermal processes in the (magneto)hydrodynamics.
3.2. Streamlines
To compute the injection, evolution and radiation of the non-
thermal particles, the shocked jet flow is modelled as a set of
streamlines, each one divided in several cells. These streamlines
correspond to the trajectory followed by a fluid element in the
flow, which is assumed to be stationary. The assumption of sta-
tionarity for the shocked jet flow is valid because the dynamical
time of the clump-jet interaction is much longer than the grid
crossing time of this flow. The details of the streamline proper-
ties are described in de la Cita et al. (2016), Appendix A. The dis-
tribution of the streamlines in the radial direction in the present
calculations is illustrated in Fig. 2.
Only streamlines injected at zgrid = 0 and rgrid ≤ 3 × 1011 cm
are considered for radiation calculations. The reason is that the
jet radius at the interaction location is assumed to be Rj =
3 × 1011 cm, which is equivalent to adopting a jet interaction
height at zj ≈ Rorb and a half opening angle θj ≈ 0.1 rad. The
actual jet flow injection in the computational grid takes place
however up to rmaxgrid in the r-axis. This was done for simplicity, as
the actual jet surroundings may be very complex because of the
stellar wind presence and the wind-jet interaction asymmetry.
Thus, introducing a jet boundary in the hydrodynamical simula-
tion seemed to us somewhat artificial if its conditions could not
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Fig. 1. Density maps of the clump-jet interaction simulation that illustrate the clump evolution after ≈ 73, 521, 596, 708, and 822 s (or, equivalently,
to ≈ 0.5, 3.5, 4.1, 4.8, and 5.6 in Rc/vsh units).
be set realistically. The total injected power in the streamlines
(again without taking into account the jet rest-mass energy), i.e.
within Rj = 3 × 1011 cm, is ≈ 1037 erg s−1.
Given the cylindrical symmetry of the simulation, each one
of the cells in which the streamlines are divided represents an
annular element of fluid in terms of volume and therefore energy
content, but from the point of view of particle energy evolution,
propagation, and radiation, the cells are to be treated as point-
like, as all these processes are not symmetric with respect to the
jet axis. In order to mimic the 3D structure of the whole emitter,
we assign a random azimuthal angle ψ to each streamline when
computing radiation, letting it vary from 0 to 2pi radians to cover
all the orientations (see de la Cita et al. 2016).
3.3. Non-thermal radiation computation
We need the fluid information for each cell in each streamline
to compute where and how much non-thermal particle energy
is injected in the flow, and the evolution of the injected parti-
cles and later the inverse Compton (IC) and synchrotron radia-
tion. We neglect at this point hadronic processes and relativistic
Bremsstrahlung, as synchrotron and IC are in general far more
efficient in terms of radiated energy (see, e.g., Bosch-Ramon
& Khangulyan 2009). Each streamline is divided in 200 cells,
enough to properly sample the flow, with a number of parame-
ters: position and velocity vectors, pressure (P), density (ρ), sec-
tion (S ), magnetic field (B), and the fluid velocity divergence
( div(Γv) ), needed for the computation of adiabatic losses. For
simplicity, the B-value in the fluid frame (FF) is computed as-
suming to be perpendicular to the flow velocity, and that a frac-
tion χB of the total flow energy flux is in the form of Poynting
flux (de la Cita et al. 2016); two values are adopted: χB = 10−3
and 1. Note that the latter value is formally inconsistent with the
hydrodynamical assumption of the simulations, but we still con-
sider this case useful, as it approximately sets a lower limit on
the IC with respect to the synchrotron emission.
For each streamline we follow the same procedure: we iden-
tify along the line where the internal energy increases and the
fluid velocity decreases. In these cells we assume there is a shock
and therefore non-thermal particles are being injected, with a to-
tal energy corresponding to a fraction ηNT = 0.1 of the inter-
nal energy increment. We note that there is no feedback of the
non-thermal population on the hydrodynamics, i.e. we adopt a
test particle approximation, and therefore the luminosity is lin-
early scalable with ηNT (incidentally, ηNT = 1 is consistent with
γˆ = 4/3, but in this case the test-particle approximation fails
for a radiatively efficient emitter). The particles are assumed to
be injected with an energy distribution following a power-law of
index −2, typical for shock acceleration, and with two cutoffs,
one at high energies, derived assuming particle acceleration in
a non-relativistic shock under Bohm diffusion (e.g. Drury 1983;
de la Cita et al. 2016), and one at low energies. A significantly
steeper power-law can be considered as another form of inef-
ficiency accelerating high-energy emitting particles, equivalent
to a small ηNT-value. The low-energy cutoff is fixed to 1 MeV
for simplicity, although our results are not very sensitive to this
choice unless the low-energy cutoff is close to the energies of
electrons emitting X-rays (mainly synchrotron) and gamma rays
(mainly IC). Otherwise, only the normalization of the radiation
spectrum will be slightly different.
Once the injection of non-thermal particles is known, we
let them evolve and propagate through the streamlines until
they leave the simulation grid, point at which a steady-state is
reached. The obtained energy distributions of the non-thermal
particles for two B cases, low and high, are shown in Fig. 3.
Once the non-thermal population is characterized, one can com-
pute the IC and synchrotron radiation in the FF, and later trans-
form the spectral energy distribution (SED) of this radiation to
the observer frame. For that, we multiply the photon energy by
δ = 1/Γ[1 − ν cos(φobs)] and the SED by δ4, where φobs is the
angle between the flow motion and the line of sight. The distri-
bution of δ4 in the grid, adopting the most favourable case for
detection (φobs = 0), is shown in Fig. 2.
Note that in the low magnetic field case, the highest energy
particles, despite still being confined to the interaction structure,
could actually cross several streamlines before cooling signifi-
cantly. This may affect the highest energy part of the spectrum
to some extent, but for simplicity we assume that all electrons are
attached to their respective streamlines as the bulk of the gamma-
ray emission is radiated consistently with this assumption.
Article number, page 4 of 9
V. M. de la Cita, S. del Palacio, V. Bosch-Ramon, et al.: Clumpy winds in microquasars
3.4. Radiation results
For simplicity, we consider in what follows the radiation results
for a typical orbital phase: assuming a circular orbit, we con-
sidered an orbital phase right in the middle between inferior
and superior conjunction, i.e., the compact object is in the plane
of the sky. This provides a sort of typical high-energy SED. A
more detailed analysis of the overall spectra in the different ex-
plored cases, and for different orbital phases, is out of the scope
of the paper, as we are interested here in the average behavior
when the jet is present. We are also mostly interested in the 0.1–
100 GeV band luminosity because this band is not strongly sen-
sitive to parameters such as the maximum particle energy, and re-
acts smoothly to magnetic field and system-observer orientation
changes, whereas the TeV band is very sensitive to all these fac-
tors through IC effects and gamma-ray absorption (e.g. Bosch-
Ramon & Khangulyan 2009, gamma-ray absorption is included
in the present work). The GeV luminosity is also available for
Cyg X-1 and Cyg X-3, as these sources have been detected in
this energy band. For low-to-moderate B-values, this band is also
a good proxy for the source energetics and, unlike X-rays, is cer-
tainly of non-thermal nature.
Two illustrative stages of the clump evolution are consid-
ered when presenting the results of our computations: (i) the
first stage, when the clump is compressed by the jet ram pres-
sure (hereafter called compression phase), the longest and more
stable phase of the clump evolution; and (ii) a later, shorter stage
when the clump is disrupted (hereafter called disruption phase),
presenting a larger shock and therefore higher non-thermal emis-
sion; both stages are shown in Fig. 1, first and third panels start-
ing from the left. We also present in Fig. 4 the SEDs of all 5
snapshots of the hydrodynamical flow shown in Fig. 1. This il-
lustrates how the high-energy emission varies with the clump
evolution. The disruption phase is chosen as the maximum lu-
minosity snapshot among those computed (i.e. number 3). From
the point of view of the hydrodynamics, snapshot number 4 is
characterized by a largest cross-section of the shocked jet, but
the apparent non-thermal luminosity is higher for the hydrody-
namic configuration shown in snapshot 3. This is likely related
to a reduced Doppler boosting caused by streamline stronger de-
flection in 4; also, some additional weakening of the emission
can be caused by the limited grid size.
In the three panels of Fig. 5, we first focus on the compres-
sion phase and vary B, and then we compare the compression
and disruption phases. It can be seen that, in the case a weak
magnetic field, the transition from the compression to the dis-
ruption phase is accompanied by a flux increase by a factor of
∼ 5. In the high B case, the emission enhancement is modest,
within a factor of two.
To illustrate the importance of the radiation losses, we can
compare the energy injected per time unit in the form of non-
thermal particles with that leaving the computational grid, af-
ter suffering energy losses, in the laboratory frame. For the
compression phase, the total injected luminosity is ≈ 1.6 ×
1035 (ηNT/0.1) erg s−1 and about 33% of the energy is kept by
the particles when leaving the grid in the low B case, being this
percentage smaller (≈ 15%) for the high B case. In that stage,
particles lose a ≈ 49% of the injected energy through adiabatic
losses, which means ≈ 7.7 × 1034 erg s−1; the synchrotron+IC
losses are ≈ 19% of the injected energy in the low B case, which
means ≈ 3 × 1034 erg s−1 (≈ 36% and ≈ 5.8 × 1034 erg s−1 in the
high B case). In the disruption phase, the total injected luminos-
ity is ≈ 1036 (ηNT/0.1) erg s−1. In that stage, particles actually
gain energy through adiabatic heating as in some streamlines the
Table 1. Values of the integrated emission in the 0.1–100 GeV band,
given in erg s−1, considering an observer angle of φobs = 30◦. The com-
pression and disruption states are computed based on the first and third
snapshots in Fig. 1, respectively.
Stage Low B (χB = 10−3) High B (χB = 1)
Compression phase 1.30 × 1035 2.15 × 1034
Disruption phase 1.12 × 1036 4.71 × 1034
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101
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δ4
Fig. 2. Doppler boosting factor for φobs = 0◦. The grey lines represent
the computed streamlines, which are numbered.
flow is compressed, approximately ≈ 2× 1035 erg s−1 (≈ 20% of
the injected energy); the synchrotron+IC losses are ≈ 50% of the
injected energy in the low B case, which means ≈ 5×1035 erg s−1
(≈ 95% and ≈ 9.5×1035 erg s−1 in the high B case). For the sake
of discussion (see Sect. 5), we provide in Table 1 the integrated
luminosity in the range 0.1–100 GeV for the different cases stud-
ied here: the compression and disruption phases, for the low and
the high B cases, and φobs = 30◦, given that this observing angle
may be representative of both Cyg X-1 and Cyg X-3.
4. Collective effects of a clumpy wind
Clumping is universal in massive star winds: these winds are
stochastically inhomogeneous, believed to be composed by a hi-
erarchy of clumps, with few large ones and increasingly many
more small ones, being the clump size and mass distributed as
a power-law (Moffat & Corcoran 2009). The X-ray spectrum of
single and binary massive stars is compatible with this picture
of dominant small-scale clumps and rarer large clumps Moffat
(2008).
For simplicity, we consider the clumps to be spherical, and
neglect vorosity (i.e. porosity in velocity space, see e.g. Mui-
jres et al. 2011), which in the present context can be considered
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Fig. 3. Compression-phase electron energy distribution for the individ-
ual streamlines (thin lines), and the total electron distribution (thick
lines). The left panel corresponds to the low magnetic field case (χB =
10−3), and the right panel to the high magnetic field case (χB = 1).
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Fig. 4. Spectral Energy Distributions for the 5 stages shown in Fig. 1.
Stage 1 corresponds to the compression phase, whereas stage 3 is the
disruption phase; χB = 10−3 is adopted, and φobs = 30◦
as a minor effect. An empirical number density distribution of
clumps with radius Rc is adopted:
n(Rc) =
dN
dRcdV
= n0Rc−α, (5)
with clump radii ranging Rc,min < Rc < Rc,max. The value of
Rc,min can be considered close to the Sobolev length, RSob ≈
0.01R∗ (e.g. Owocki & Cohen 2006), while the clump size is
at most of the order of R∗ (Liermann et al. 2010), although it
may be significantly smaller. As clumps propagate from the re-
gion where they form, at ∼ 1−2R∗ from the star centre, they can
grow linearly with the stellar distance or somewhat slower for a
slab geometry, but they can be also broken down by instabilities
(see the discussion at the end of sect. 3.3 in Bosch-Ramon 2013).
Assuming that all clumps have the same density and that the
inter-clump medium is void, the clump volume filling factor is
simply f = χ−1 (e.g. Hamann et al. 2008), and the distribution
function should meet the following normalization condition:
4pi
3
∫ Rc,max
Rc,min
R3c n(Rc) dRc = f . (6)
Fixing Rc,min = 0.01R∗ and Rc,max = 0.5R∗, we can solve Eq. (6)
to obtain the normalization constant n0.
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Fig. 5. Top panel: Synchrotron and IC SEDs for the compression phase
for φobs = 0, 30, and 90◦, and χB = 10−3. The thin lines represent
the emission without taking into account gamma-ray absorption due to
electron-positron pair creation, i.e. the production SED. Middle panel:
the same as for the top panel but for χB = 1. Bottom panel: a comparison
between the SEDs of the compression and disruption phases.
Whether clump-jet interactions appear as a transient or as
a persistent phenomenon is determined by the duty-cycle (DC)
of these events. To determine DC we need to estimate the jet
penetration rate of the clumps, N˙, and their lifetime, tc (Bosch-
Ramon 2013). The jet crossing time will be more relevant than
tc for jet powers Rc/Rj times the limit provided in Eq. (4). In
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this work we are interested in bright sources, and therefore the
jet power will be assumed to be close to the limit provided in
Eq. (4). In fact, this is likely the case in the powerful jet sources
Cyg X-3 and Cyg X-1.
The jet subtends a certain solid angle, Ω, as seen from the op-
tical star. To interact with the jet, a clump must propagate within
this solid angle. Considering a conical jet with Rj = θjzj and that
the clump enters the jet roughly between 0.5Rorb . z . 1.5Rorb
(so ∆z ∼ Rorb), we obtain Ω ≈ θ j/2 = 0.05. The differential rate
of arrival to the jet for clumps of radius Rc can be estimated as
dN˙ = Ωd2vwn(Rc)dRc, where for simplicity d ≈
√
R2orb + z
2
j .
The differential DC for those clumps is dDC = tcdN˙, with
tc ∼ Rc/vsh, which we approximate here to tc = Rc/vw as we
deal with powerful jets3. From all this, the following estimate
for the arrival of clumps with radius between R1 and R2 can be
obtained:
DC(R1,R2) = Ωd2n0
∫ R2
R1
R−α+1c dRc ≈
θj
2
d2n0
∫ R2
R1
R−α+1c dRc.
(7)
We explore different values of the power-law index: 2.5 6
α 6 6. Values of α ≥ 4 imply that small clumps dominate the
wind mass. Interestingly, as the energy emitted by one clump-jet
interaction is expected to be ∝ tc × R2c ∝ R3c , one also obtains
that for α > 3 the non-thermal radiation will be dominated by
the smallest clumps that can enter into the jet, i.e. those with
Rc ∼ R0. On the other hand, values of α ≈ 2.5 are in accordance
to the values inferred for WR stars (Moffat 2008)4.
The non-thermal luminosity of the clump-jet collective inter-
actions depends on the dominant clump size; gamma rays can be
mostly produced by small or large clumps. The DC may be dom-
inated by small clumps, and still the luminosity may be dom-
inated by the largest ones. Nevertheless, the simulations show
that clumps significantly larger than R0 cannot increase consid-
erably the luminosity output, and may even radiate less than
smaller clumps interacting with the jet. The reason is that, un-
less (θj/0.1)(10/χ) is well below one (see Eq. 1), larger clumps
will likely disrupt the whole jet, strongly reduce the effect of
Doppler boosting, and might even switch off particle accelera-
tion. For the parameters adopted in this work, it seems therefore
natural to consider clumps of radii between ∼ R0 and few times
larger.
The top panel of Fig. 6 shows the DC dependence on α,
whereas the bottom panel shows the same but for the average
luminosity of the collective clump-jet interactions. We have fo-
cused on 1R0 < Rc < 3R0, splitting this range into 1R0 < Rc <
2R0 and 2R0 < Rc < 3R0, although a curve for Rc > 3R0 is
also shown. The radius 3R0 has been considered as the upper-
limit for the clumps to be relevant from the radiation point of
view in the context of this work, that is (θj/0.1)(10/χ) ∼ 1. The
results obtained allow the derivation of a rather robust conclu-
sion: clumps with Rc > R0 will be always present inside the jet
unless the α parameters deviate strongly from the expected val-
ues. Also, the averaged total luminosity should be a factor of a
few larger than the estimate obtained for a jet interacting with
one clump of radius R0 (again unless α is in the extremes of the
explored range). We studied cases with different Rc,max-values
3 This assumption makes the estimate of the luminosity for collective
interactions more conservative.
4 The value given is actually N(m) ∝ mγ, with γ = 1.5±0.1. Assuming
constant density, spherical clumps, one derives α ≈ 2.5.
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Fig. 6. Top panel: Duty-cycle in the radius ranges 1 − 2R0, 2 − 3R0,
1 − 3R0, and > 3R0 for a wind clump number distribution n ∝ Rc−α.
A value α ≈ 5 represents a wind dominated by small clumps, whereas
α2 ≈ 2.5 is an observational value for WR stars; R0 is the minimum
clump size given by Eq. (1). Bottom panel: Duty-cycle weighted by
the effective section of the shock, and therefore its potential luminosity,
shown in units of the luminosity L0 produced in the interaction of one
clump of R = R0 with the jet. The case > 3R0 is not shown as it may
imply jet disruption.
(not shown here), and found that our conclusions hold for a wide
range of Rc,max ∼ 0.1 − 1R∗.
For jet powers well below the value given in Eq. (4), the
clump-jet interaction luminosity is ∝ Lj and therefore lower
than the reference case, but the event duration is longer by
∝ v−1sh ∝ L−1/2j (recall that vsh must be used instead of vw, see
above). Thus, to first order, the decrease in the radiation luminos-
ity will effectively be ∝ L1/2j , although a more accurate relation
should be derived numerically.
If clumps with Rc > 3R0 are present and DC & 0.5, the
jet will be likely disrupted most of the time in the region of
interest, zj ∼ Rorb. As noted, this is expected to significantly
reduce the effects of Doppler boosting, and potentially might
even switch off particle acceleration. In the scenario explored,
i.e. (θj/0.1)(10/χ) ∼ 1, a value DC ∼ 0.5 for Rc > 3R0 will be
achieved only for α . 3 and Rc,max ∼ 0.2R∗. This sets limits on
the wind properties that allow clump-jet interactions to produce
significant gamma-ray emission. These are however somewhat
extreme, possibly unrealistic, wind parameters, in particular con-
cerning the constraint on α, as in that case the wind mass would
be dominated by the largest clumps.
Finally, let us explore situations different from
(θj/0.1)(10/χ) ∼ 1:
(i) Fixing (θj/0.1) ∼ 1: Sources with (10/χ) > 1 would im-
ply that R0 would be larger, and there may be no clumps
big enough to cross the shocked wind surrounding the jet. In
addition, a χ well below 10 would mean a rather homoge-
neous wind. On the other hand, for (10/χ) < 1, R0 would be
smaller; all the clumps may be able to reach the jet, and they
may be also dense enough to fully enter inside. This would
have the disrupting effect of a wind with most of its mass in
large, penetrating clumps (this kind of scenario is simulated
in Perucho & Bosch-Ramon 2012). Additionally, the number
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Fig. 7. Synchrotron and IC SEDs (thin lines, red) computed for the com-
pression phase and the sum of the two contributions (thick, orange line)
plotted together with the Fermi data of Cyg X-1 published in Zanin et al.
(2016). In this case, we have adopted a strong magnetic field (χB = 0.5)
and fixed the acceleration efficiency to ηNT = 0.01. The observing angle
is φobs = 30◦.
of clumps would be lower by χ−1 ∝ f (see Eq. (6)), but be-
cause tc is actually ∝ f −1/2 ∝ χ1/2, the radiation luminosity
would be ∝ f 1/2 ∝ χ−1/2 lower.
(ii) Fixing (10/χ) ∼ 1: Taking (θj/0.1) < 1 would imply that
smaller clumps could reach the jet but the latter would be
denser, making clump penetration more difficult. Also, jet
penetration would be less frequent (DC ∝ Ω ∝ θ j). On the
other hand, if (θj/0.1) > 1, jet penetration would be signifi-
cantly easier and more frequent, but clumps should be larger
to first cross the shocked wind surrounding the jet.
5. Discussion and summary
For typical values of the clumping factor of massive star winds,
and of the jet geometry and power, we obtain that clumps of in-
termediate size, say a few % of the stellar radius, can overcome
the shocked wind surrounding the jet, and penetrate into the lat-
ter. For χ ∼ 10, clumps can already sustain the jet impact long
enough for fully penetrate into the jet, allowing for an dynami-
cally strong interaction. Under such circumstances, and assum-
ing moderate acceleration efficiencies, say ηNT ∼ 0.01 − 0.1, we
predict significant gamma-ray luminosities for galactic sources
at few kpc distances. For mildly relativistic jets, the impact of
Doppler boosting is non-negligible even for relatively large jet
viewing angles, ∼ 30◦. If Γj were higher, clump-jet interactions
would be detected for viewing angles within a relatively narrow
cone around the jet orientation, whereas Γj → 1 would mean
lower luminosities, although potentially still detectable if non-
thermal efficiencies were high.
In what follows we focus on the possibility of explaining the
persistent GeV emission detected from Cyg X-1 and Cyg X-3
during the low-hard state and GeV activity periods, respectively.
The calculations presented in Sect. 3 for one clump-jet interac-
tion were carried out for a system with similar properties to those
of Cyg X-1. For Cyg X-3, the results would be similar, but Rorb
and thus R0 would be ∼ 10 times smaller, and the jet power and
therefore the non-thermal emission ∼ 10 times higher (see Yoon
et al. 2016, and references therein for a comparison of these two
sources). The IC luminosity in the high B case would be lower
though with respect to the injected luminosity because of a more
compact emitting region. From the one-clump interaction prop-
erties, one can extrapolate the characteristic gamma-ray lumi-
nosity in the context of collective clump-jet interactions.
The collective clump-jet interaction luminosity, in the GeV
(0.1−100 GeV) range, calculated averaging over one orbit5, and
the computed clump evolution, for a jet inclination with the line
of sight of φobs = 30◦, is ∼ 1035 (ηNT/0.1) erg s−1 for Cyg X-1
(∼ 1036 (ηNT/0.1) erg s−1 for Cyg X-3), with an uncertainty of
a factor ∼ 0.5–2 (including the high and the low B cases in that
range). Assuming that the jet in Cyg X-1 is perpendicular to the
orbital plane, its inclination with the line of sight is φobs ∼ 30◦
(Orosz et al. 2011). In Cyg X-3, the jet inclination may be sim-
ilar or even smaller (see, e.g., Mioduszewski et al. 2001; Dubus
et al. 2010a; see however Martí et al. 2001). Section 4 shows
that DC ∼ 1 are expected. Therefore, taking into account that
the GeV luminosity in Cyg X-1 and Cyg X-3 are ≈ 5 × 1033
(Zanin et al. 2016) and ≈ 3 × 1036 erg s−1 (Fermi LAT Col-
laboration et al. 2009), respectively, one can derive the required
non-thermal efficiency to be (ηNT/0.1) ∼ 0.05 for Cyg X-1, and
∼ 3 for Cyg X-3 (for φobs = 30◦; ∼ 0.5 for φobs ∼ 0◦).
For Cyg X-1 the observational constraints only require a very
modest non-thermal fraction (∼ 1%). A comparison with Fermi
data published in Zanin et al. (2016) is shown in Fig. 7, where a
rather strong magnetic field (χB = 0.5) and a fixed acceleration
efficiency (ηNT = 0.01) were needed to reproduce the observa-
tional data, assuming DC = 1. We note that this is a simpli-
fied model, but it is interesting that even so it can approximately
match the Fermi data. A similar toy-application of our model to
Cyg X-3 could be also performed (not shown here), for similar
parameters to those of Cyg X-1 but a much larger non-thermal
fraction. In this case, the energetics is however rather demand-
ing (∼ 30%). Nevertheless, the presented calculations are ob-
tained fixing Γj = 2, while in fact different Γj-values are possi-
ble, and despite the relation between Γj and the Lorentz factor of
the shocked jet flow is non-trivial (it depends on the postshock
flow re-acceleration), slightly faster jets could alleviate the tight
energetics for the Cyg X-3-like scenario. In addition, adopting a
low magnetic field and the (probable) possibility of DC of a few
would relax further the energetic constraints. Finally, the numer-
ical calculations carried out are also likely to underestimate the
non-thermal emission because the computational grid encloses
a relatively small region, and part of the radiation, and the last
stages of the clump evolution, are not accounted for (see Sect. 3).
Values of DC  1 would lead to flares rather than to a
smoother clump-jet interaction continuum. This requires a much
higher degree of inhomogeneity than the assumed in most of this
work, as strong changes in Rc,min and Rc,max are not possible, and
DC is not very sensitive to α. However, as noted in Sect. 4, the
radiation luminosity is ∝ χ−1/2, meaning that for the same pa-
rameters, very inhomogeneous winds interacting with jets will
be on average less radiatively efficient than moderately inhomo-
geneous ones.
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